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Abstract-This paper describes the first demonstration 
for feeding back the results obtained by the line-focus-beam 
ultrasonic material characterization (LFB-UMC) system to 
the crystal growth conditions for optical-grade LiTaOs crys- 
tals and for achieving much improved homogeneity of chem- 
ical composition. We evaluated a commercially available 
optical-grade LiTaOs single crystal with a nominally con- 
gruent composition in detail, by measuring distributions of 
the velocities of leaky surface acoustic waves (LSAW) along 
the Y-axis direction for a Z-cut specimen plate prepared 
from the crystal grown in the Y-axis direction. We detected 
an increment of 0.66 m/s in LSAW velocity along the pulling 
axis direction corresponding to 0.024 mol% in L i z 0  content, 
and the compositional gradient was +0.346 X lod3  (LizO- 
mol%)/". By experimentally obtaining the starting ma- 
terial composition dependence of the gradients, we devel- 
oped a method of estimating the proper composition ratio 
that would lead to a more homogeneous crystal. We grew 
a new crystal with a L i z 0  content of 48.47 mol%, resulting 
in a very small compositional gradient of +0.046 X 
(LizO-mol%)/" and a compositional homogeneity of less 
than 0.012 LizO-mol% in a Z-cut area of 50 mm X 50 mm 
used for device substrates. 
I. INTRODUCTION 
ERROELECTRIC single crystals of LiNb03 [1]-[4] and F LiTaOs [l], [ 5 ] ,  [6] are widely used as bulk materi- 
als or substrates for optoelectronic devices, as well as for 
ultrasonic devices. Performance of those devices depends 
upon the quality of materials and the control of device 
fabrication processes. Therefore, it is of fundamental im- 
portance to establish the growth conditions for producing 
large-diameter crystals with high homogeneity in acoustic 
and optical properties. 
We have proposed an ultrasonic method of line-focus- 
beam (LFB) acoustic microscopy as a new, unique tech- 
nique for characterizing and evaluating those crystals and 
wafers [7]-[18]. Velocity information of leaky surface acous- 
tic waves (LSAW) that are excited using a wedge-shaped 
focused wave and propagated along one desired direc- 
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tion on the water-loaded specimen surfaces is mainly uti- 
lized for evaluation through V(z) curve measurements [7]. 
This technology enables detecting changes in chemical and 
physical properties, such as chemical composition, lattice 
constant, refractive index, and density, as variations in 
LSAW velocity. We have successfully demonstrated the 
usefulness and uniqueness for materials characterization 
through experimental evidence [11]-[13]. This method and 
system have much higher sensitivities and resolutions, as 
determined by velocity measurements, to the chemical and 
physical properties than those of conventional methods, 
such as differential thermal analysis [ 5 ] ,  [6], [19], X-ray 
diffractometry by the Bond method [20], the prism cou- 
pler method [all,  and the Archimedes method [22]. We 
have developed various experimental procedures and ap- 
plications to resolve various kinds of scientific and indus- 
trial problems associated with LiNbOy and LiTaOs crys- 
tals and wafers [8]-[18]. Acoustic inhomogeneities observed 
as velocity variations might be caused primarily by chem- 
ical composition ratio changes, second by residual mul- 
tidomains due to an incomplete poling process, and third 
by surface damage during the slicing and polishing pro- 
cesses. The first cause still must be considered to be the 
main problem. The second problem causes great changes 
in velocity but can be removed easily by paying careful 
attention to the proper poling operation. The third cause 
is a future problem that is more serious for SAW devices 
operating in the super high frequency (SHF) range, as well 
as for surface waveguide-type optical devices, which utilize 
the material properties within 1 pm beneath thc surface. 
With the research background, we recently completed 
the LFB ultrasonic material characterization (UMC) sys- 
tem. It is capable of detecting a very tiny velocity change 
with a resolution better than +0.002% and is practically 
applicable to resolve material problems of single crystals 
and wafers for electronic devices [8]. We have just started 
investigating homogeneities of LiNbOs and LiTaOs crys- 
tals and wafers produced in industry for optoelectronic 
device use [13] as well as for SAW device use [16]-[18]. 
In a previous paper [13], we investigated basic data and 
an experimental procedure for evaluating LiTaOs single 
crystals using the LFB-UMC system. We obtained the re- 
lationships (calibration lines) among the LSAW velocity, 
chemical composition, Curie temperature, lattice constant, 
and density. The unique and useful capabilities of detect- 
ing dctailed changes of the growth conditions and of eval- 
uating local densities and the crystal-melt interface shape 
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have been successfully demonstrated. We then evaluated 
a commercially available optical-grade LiTaOs single crys- 
tal using these calibration lines and found small changes in 
chemical composition that barely can be detected by con- 
ventional methods, Le., an increase in Liz0 content with 
the positions from the crystal top to the bottom. Thus, we 
clarified that there is a need for improvement in growth 
conditions, even for commercial crystals produced with a 
nominally congruent composition. These results indicate 
that an important role of this system is to clarify unsolved 
problems associated with crystal growth and to improve 
the growth conditions so that more homogeneous crystals 
can be grown. 
Although some studies to obtain a congruent composi- 
tion of LiTaO3 single crystals were conducted many years 
ago, the Liz0 content values reported by individual stud- 
ies differed; for example, 49.0 mol% was obtained by Barns 
and Carruthers [5], 48.75 mol% by Miyazawa and Iwasaki 
[6], and 48.5 mol% by Sat0 et al. [19]. This is probably 
because the congruent composition varies to some extent, 
depending on the growth conditions of the crystals, and 
may involve some problems associated with the evalua- 
tion methods, measurement conditions, and measurement 
accuracy for the crystals. Many manufacturers presently 
grow the crystals in mass production lines, but they might 
not always be successful in growing very homogeneous 
crystals [13], [14], [16]-[MI. Higher quality crystals ccr- 
tainly will be demanded in the future to achieve greater 
performance and even higher yield in devices. 
In this paper, we grow a more homogeneous crystal 
by precisely evaluating the homogeneity of a commercial, 
optical-grade LiTaOy single crystal that was taken up in 
a previous paper [13], using the most recent LFB-UMC 
system [8] and by feeding back the obtained results to the 
growth conditions, Le., the starting material composition. 
11. OPTICAL-GRADE CRYSTALS 
The 2-cut LiTaO3 wafers are widely used as substrates 
for waveguide-type optoelectronic devices. There is an 
interesting point in the production of the optical-grade 
LiTaOs crystals and wafers. Conventionally, wafers used 
to be prepared from crystals grown along the crystal- 
lographic Z-axis direction because this is commercially 
preferable and efficient for producing the wafers. However, 
there is a serious problem in crystal quality for optical 
use, based on the experience of producing larger-diameter 
LiTaOs crystals. Generally, it is necessary to supply Z- 
cut LiTaOs wafers with data of X-ray topographs showing 
preferred lattice perfection, which usually are not provided 
with SAW-grade wafers. Fig. 1 shows the typical X-ray to- 
pographs for two 2-cut wafers with 50-mm diameter. The 
first 2-cut wafer in Fig. l (a)  was prepared from a crys- 
tal of Y-axis growth showing good crystal quality. The 
second one was prepared from another crystal of Z-axis 
growth. The observed results in Fig. l (b )  present numer- 
ous subgrains and high crystal deformation around the 
Y 
X 
Fig. 1. Typical X-ray topographs of 2-cut LiTaOy specimens. (a) Y-  
axis growth. (b) Z-axis growth. 
center. This might suggest that the Z-axis growth LiTaOs 
crystals are not suitable for optical use from the technical 
view point of X-ray topographic evaluation. This is the 
main reason why the Y-axis growth LiTaOs crystals were 
studied in a previous paper [13]. 
The Y-axis growth LiTaO3 crystals, therefore, are fab- 
ricated into 2-cut LiTaO3 crystal boules in a cylindrical 
form for producing the 2-cut wafers. It is easy to under- 
stand that one reason optical-grade wafers are very ex- 
pensive is the inefficient use of crystals. In addition, much 
more growth time is required, both sides are optically pol- 
ished, and X-ray topographs must be attached at  the top 
and bottom. 
From our experience [ll], [13], [16], [17], we were in- 
terested in elastic inhomogeneities due to slight chemical 
composition variations, especially along the pulling axis 
direction. 
111. LFB-UMC SYSTEM 
The measurement principle of the LFB-UMC system 
was described in detail in [7]. We employ the phase veloc- 
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ity information of LSAW propagating on the water-loaded 
specimen surfaces measured through the analysis of V(z) 
curves, which are the transducer outputs rccorded with 
the relative distance z between the LFB ultrasonic dc- 
vice aiid the specimen. The system [SI used here is de- 
signed to provide a stable temperaturc environment for 
a longer period than can conventional systems, with the 
mechanical system containing the ultrasonic device and 
specimen in a temperature-controlled chamber. In addi- 
tion, this system is equipped with a specimen-transfer sys- 
tem to enable the loading and changing of specimens, a 
temperature-controlled pure water supply/drain system to 
supply and drain purc water as the water couplant, and 
an automatic three-axis tilting stage to align the ultrasonic 
device and specimen while kecping the chamber closed, so 
that a highly accurate measurement can be obtained ef- 
ficiently without disturbing the stable temperature envi- 
ronment. Furthermore, the two-dimensional distributions 
on the substrate are measured with a greater accuracy 
for the VLSAW measurement by introducing a technique to 
measure more precisely the temperature of the water cou- 
plant and the longitudinal velocity, which directly affect 
the measurement accuracy [8]. The operating ultrasonic 
frequency employed in this paper is 225 MHz. The rel- 
ative measurement accuracy of VLSA~V in this system is 
f0.002% (1t20, 0 is the standard deviation) at  a single 
chosen point and f0.004% for a two-dimensional scanning 
measurement within a scanning area of 200 mm x 200 mm. 
The absolute accuracy is about *O.Ol% as determined by 
the system calibration method using the standard speci- 
men of Gadolinium Gallium Garnet (GGG) [23], [24]. 
IV. EXPERIMENTS 
A.  Specimens 
We prepared a commercial, optical-grade LiTaOs single 
crystal with a congruent composition (produced by Ya- 
maju Ceramics Co., Seto, Japan). This crystal also was 
used in [13] and was pullcd in the Y-axis direction by 
the Czochralski (CZ) mcthod. The growth conditions and 
sizes of this crystal are shown as “Old-C” in Table I. 
We employed VLSAW in the Y-axis direction for thc Z- 
cut LiTaOs crystal plate specimen for evaluation from 
the results determined previously [13], Le., that thc 2-cut 
Y-propagating (ZY) LiTaOs is the most sensitive to the 
changes in chemical composition among the three prepared 
principal X - ,  Y-, and 2-cut specimens. The substrate has 
a thickness of 3 mm, and there is no influencc from the 
waves reflected from the back surface of the specimen [as]. 
The substrate was optically polished on the +Z-cut sur- 
face only. 
A single crystal grown with an improved chemical com- 
position ratio of the starting material was prepared bascd 
on the results described in subsection C. The growth con- 
ditions and sizes of the crystal arc given as “New-C” in 
Table I. The growth conditions were almost the same, ex- 
(Bottom) 
Fig. 2. Sample preparation from LiTaO3 single crystal ingot. 
cept that the length was 15 mm less than the “Old-C” 
crystal, using the same furnace and crucible for growth. 
Three 2-cut substrates [(l), (a) ,  and (3)] were prepared 
from this crystal for VLSAW measurements, and three sub- 
stratcs [(I)] (11), and (111)], for transmission X-ray topog- 
raphy, as shown in Fig. 2 .  The -2 surface of the substrate 
(2) is approximately at  the center of the crystal, and the 
substrate (1) and ( 3 )  specimens are 25 mm in front of 
and behind this specimen. Substrates (1) to ( 3 )  are 4 mm 
thick, and substrates (I) to (111) are 0.5 mm thick; all of 
these substrates were optically polished on both sides. The 
VLSAW measurements were carried out for the -2 surface 
of substrates ( 2 )  and (3), and for the +Z surface of sub- 
strate (1). 
B. Evaluation Before Improvement 
Fig. 3 shows the measured results of the ZY-LiTaO3 
specimen with dimensions of 101 min x 79 mm x 3 mm, 
prepared from the Old-C crystal, at 225 MHz. Fig. 3(a) 
depicts the two-dimensional distributions measured at in- 
tervals of 3 mm; Fig. 3(b) gives the distributions at the top 
section (T), middle (M), and bottom (B) in the diameter 
direction measured at intervals of 1 mm, shown by solid, 
dotted, and broken lines, respectively. The solid line in 
Fig. 3(c) represents the distributions along the pulling axis 
direction measured at intervals of 1 mm, and the dotted 
line is its approximated line obtained by the least-squares 
method. The circle in Fig. 3(a) (corresponding to a diam- 
eter of 50 mm) indicatcs thc portion for manufacturing 
commercial 2-cut LiTaOs crystal wafers. In Fig. 3(a), the 
average VLSAW is 3317.70 m/s with r s  of 0.18 m/s. We 
can see from Fig. 3(a) that VLSAW incrcases with position 
from the crystal top to thc bottom. However, we can see 
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TABLE I 
GROWTH CONDITIONS FOR OPTICAL-GRADE LITAo3 CRYSTALS PULLED ALONG Y-AXIS DIRECTION. 
T 
Prepared Pulling Rotating 
Crystal L i z 0  content speed speed Length Diameter 
No. [mol%] [mm/h] [rpm] [mm] [mm] 
Old-C Congruent 3.81 7 79 101 
New-C 48.47 3.57 7 64 101 
seed (a)I [ 3318.0 0 
-B 
I I , I 3317.2 80 
-40 -20 0 20 40 
a 5 331 7.0 
0 20 40 60 80 
POSITION [mm] 
Fig. 3. LSAW velocity distributions for a ZY-LiTaOs specimen pre- 
pared from Old-C crystal ingot. (a) Two-dimensional scanning area. 
(b) Diameter direction. (c) Pulling axis direction. 
in Figs. 3(a)-(c) that there is an area with slightly higher 
VLSAW near the center of the crystal top (near the seed 
crystal). At the crystal top (T) in Fig. 3(b), VLSAW values 
within the range of -25 to +15 mm are higher than those 
in the peripheral by about 0.2 m/s, and relatively severe 
changes can be observed at two boundaries. In contrast 
to the above, such clear boundaries cannot be observed in 
the profile at the middle section (M). The VLSAW increases 
gradually with position slightly to the left. The VLSAW in- 
creased gradually at the bottom section (B) from right 
to left. Although some VLSAW distributions were observed 
in each diameter direction, it can be seen that the vari- 
ation is more substantial along the pulling axis direction 
from the top (T) to the bottom (B) of the crystal. The 
VLSAW increased from the crystal top to the bottom in the 
distributions shown in Fig. 3(c), in which the gradient of 
the approximated line is $0.0097 (m/s)/mm. The value is 
+0.346 x lop3 LizO-mol%/mm when converted to the gra- 
dient of the Liz0 content M(Li20) using the relationship 
between VLSAW and M(Li20) obtained in [26]. 
Table I1 summarizes the results of the VLSAW distribu- 
tions along the pulling axis direction and diameter direc- 
tion. Table I1 also gives the results converted to the vari- 
ations of each characteristic value, using the relationships 
between VLSAW and other characteristic parameters, such 
as M(LizO), Tc, density p, and lattice constants a and 
e. The maximum VLSAW variation along the pulling axis 
direction is 0.66 m/s, which corresponds to a 0.024 mol% 
variation in M(Li20). In contrast, the variations in the 
diameter direction were 0.32 to 0.40 m/s, approximately 
half that along the pulling axis direction. The results of 
all the measurement lines demonstrate that the maximum 
VLSAW variation is 0.71 m/s [0.025 mol% for M(Li20)] and 
is almost equal to the variation along the pulling axis di- 
rection. Therefore, the distribution along the pulling axis 
direction in the crystal is larger than that in the diameter 
direction, and M(Li20) increases linearly with position 
from the crystal top to bottom. In addition, the above- 
mentioned 0.025 mol% variation of M(Li20) corresponds 
to 1.O"C in Tc. Furthermore, it is clear that accurate detec- 
tion of the chemical composition distributions in the Old-C 
crystal using the TC measurements is difficult because the 
accuracy of differential thermal analysis is f0.8"C [13]. 
C. Improvement 
Various growth conditions of crystals by the CZ 
method, such as the starting material composition, ther- 
mal environment in the growth furnace, crystal pulling 
speed, and rotating speed, affect the chemical composition 
variations in the crystals. In this study, we try to improve 
the starting material composition, which is considered to 
be the simplest and most effective way to reduce the dis- 
tributions. 
Results in the previous section suggest that the starting 
material composition was more Li-rich than the congruent 
composition, because M (  Li2O) increased almost linearly 
Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on February 4, 2010 at 02:43 from IEEE Xplore.  Restrictions apply. 
KUSHIBIKI et al.: OPTICAL-GRADE L ~ I ' A O ~  SINGLE CRYSTALS AND LFB-UMC SYSTEM 
TABLE I1 
ESTIMATED VARIATIONS OF CHEMICAL AND PHYSICAL PROPERTIES ALONG PULLING AXIS AND 
DIAMETER DIRECTIONS b'0Il ZY-LITAQ SUBS'I'RATE 01' OLD-C CRYSTAL. 
LSAW L i z 0  Curie Lattice constant 
velocity content temp. Density a c 
Linc [m/s] [mol%] ["C] [kg/m3] [ lop6 nm] [lop6 nm] 
Pulling axis 0.66 0.024 0.91 0.43 3.5 8.7 
0.40 0.014 0.55 0.26 2.1 5.3 
0.38 0.014 0.52 0.25 2.0 5.0 Middle 
0.32 0.011 0.44 0.21 1.7 4.2 Bottom 
All lines 0.71 0.025 0.98 0.46 3.7 9.3 
Maximum Top 
difference 
with the gradient of $0.346 x lop3 mol%/mm from the 
crystal top to bottom. Therefore, it is necessary to reduce 
M(Li20) in the starting material to improvc the varia- 
tions. Thus, we estimated the change of M(Li20) in the 
starting material, using the relationship between M(Li20) 
near thc center of the crystal and the gradients of M(Li20) 
....... - e 
). 
along the pulling axis direction. k 3320 0.033 (m/s)/mm 
First, we examined the ingots of three LiTaO3 single 
crystals with the different starting material compositions 
(48.0, 48.5, and 49.0 LizO-mol%) used in [13]. The growth 
conditions of each ingot are shown in Table 111. These 
crystals differ from the Old-C crystal in that their crys- 
tal pulling speed is twicc as high and their diameter is 
only 77 mm. The VLSAW distributions along thc pulling 
axis direction for the ZY-LiTaO3 specimens measured at 
225 MHz previously [13] are represented by solid lines in 
Fig. 4(a). The dotted lines in Fig. 4(a) represent the ap- 
proximated lines for each measurement result. Thc gradi- 
ents of the approximated lines for the crystals with starting 
materials of 48.0, 48.5, and 49.0 LizO-mol% are -0.024, 
+0.007, and $0.033 (m/s)/nim, respectively. Thcse gra- 
dients, converted to the gradients of M(Li20) using the 
relationship between VLSAW and M(LiaO), are -0.0008, 
+0.0002, and $0.0012 (LizO-mol%)/mm. The M(Li20) 
converted from TC measured for the specimens near the 
center of each ingot, using the relationship between Tc 
and M(Li20) in [19], were 48.350, 48.504, and 48.656 
LizO-mol%. The results of plotting the relationship be- 
tween M(Li20) and the gradients of M(Li20) along the 
pulling axis direction are shown in Fig. 4(b). The solid 
line in Fig. 4(b) represents the approximatcd line; when 
we define the gradient of this line as the coefficient a ,  it 
is 152 mol%/(mol%/mm). The Liz0 content in which thc 
gradient along the pulling axis direction is zero can be ob- 
tained as 48.474 mol%, as seen in the approximatcd line 
in Fig. 4(b). However, this value might be slightly differ- 
ent from the ideal one because the growth conditions for 
optical-grade crystals differ from those for the three crys- 
tals, as shown in Tables I and 111. Nevertheless, the results 
in Fig. 4(b) provide a sufficient guideline for estimating the 
composition of the starting material suitable for growing 
more homogeneous crystals. Therefore, by multiplying the 
gradient of +0.346 x lop3  LizO-mol%/mm by thc coeffi- 
cient a,  we can estimate a decrease of 0.052 LizO-mol%. 
...... 
48.5 mol% I- 0.007 (m/s)/mm - -  6 3318 3 3316 > 
..... ......... 
, I  5 3314 ~ 
3312 48.0 
-0.024 (m/s)/mm 
331 0 I 
0 20 40 60 80 
(TOP) POSITION [mm] (Bottom) 
48.30 
-1.0 -0.5 0.0 0.5 1.0 1.5 
GRADIENT [ x ~ ~ - 3  mo~%/mm] 
Fig. 4. Experimental data of LSAW velocity distributions along 
pulling axis direction for ZY-LiTaO3 specimens prepared from three 
crystal ingots grown with different compositions to estimate a start- 
ing material composition of L i z 0  content for a uniform crystal 
growth. (a) LSAW velocity variations along pulling axis direction 
with the different melt compositions. (b) Relationship between gra- 
dients of Liz0 content and Li2O melt compositions. 
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TABLE I11 
GROWTH CONDITIONS FOR SAW-GRADE L I T A 0 3  CRYSTALS PULLED ALONG Y-AXIS 
DIRECTION WITH DIFFERENT MELT COMPOSITIONS [13]. 
Prepared Pulling Rotating 
Crystal L i z 0  content speed speed Length Diameter 
No. [mol%] [mm/h] [rpm] [mm] [mm] 
1 48.0 7.11 8 68 77 
2 48.5 7.22 8 66 77 
3 49.0 7.33 8 67 77 
Because M(Liz0) in the Old-C crystal was estimated as 
48.52 mol% in [13], an improved crystal could be grown 
with 48.47 LizO-inol%. 
D. Evaluation After Improvement 
We measured VLSAW distributions for the single crys- 
tal (New-C) grown with the improved starting material 
composition. Fig. 5 shows the measured results for ZY- 
LiTaO3 substrates (l), (2), and (3) at intervals of 5 mm 
at 225 MHz. The average values of VLSAW in Fig. 5 
are 3316.95 m/s with CJ of 0.12 m/s for substrate (I) ,  
3317.19 m/s with cr of 0.10 m/s for substrate (a ) ,  and 
3317.09 m/s with a of 0.11 m/s for substrate ( 3 ) .  The 
VLSAW is slightly higher in substrate (2), which was pre- 
pared at a location near the center of the crystal, than in 
tlie other two substrates. Furthermore, VL/LSAW is slightly 
higher around the central part of the top side of the crystal 
than at the bottom side. The VLSAW variations along the 
pulling axis direction at the center of the crystal in these 
substrates are 0.45 m/s, 0.33 m/s, and 0.48 m/s, indicst- 
ing that the distribution along the pulling axis direction 
is relatively small in substrate (2) .  Though symmetrical 
distributions of the properties with respect to the central 
axis of the crystal were expected because this crystal was 
grown by the CZ method, results (1) and (3) in Fig. 5 
suggest that, the lateral symmetry was slightly disturbed. 
This crystal was grown for optical use; therefore, we 
investigated the lattice defects using transmission X-ray 
topography. Fig. 6 shows the X-ray topographs observed 
(New-C) for 2-cut substrates (I), (11), and (111), which are 
adjacent to the 2-cut substrates used to measure VLSAW. 
The results in Fig. 6 indicate that the crystal has good 
crystallographic homogeneit#y. 
The results for substrate (2) of the New-C crystal, which 
was prepared from almost the same location as the sub- 
strate from the Old-C crystal, were compared with those 
for the Old-C crystal. The VLSAW distributions are shown 
in detail in Fig. 7 in the same manner as those for Fig. 3. 
Fig. 7(a) shows the two-dimensional distribution measured 
at intervals of 5 mm; Fig. 7(b) presents the distributions 
at the top (T), middle (M), and bottom (B) sections in 
the diameter direction measured at intervals of 1 nim, 
shown by solid, dotted, and broken lines, respectively. The 
solid line in Fig. 7(c) represents the distributions along the 
pulling axis direction measured at intervals of 1 mm (dot- 
c 
ted line). The profiles for (T), (M), and (B) in Fig. 7(b) 
present very similar distributions to those in Fig. 3(b). 
Especially, both profiles for (T) have a common tendency 
that the V&w values around the central portion of -25 
to $15 mm are about 0.2 m/s greater than those in the pe- 
ripheral. However, the distributions along the pulling axis 
direction become smaller in the New-C crystal. Although 
VLSAW is slightly higher at the crystal top in the distribu- 
tions in Fig. 7(c), the gradient of the approximated line 
is +0.0013 (m/s)/mm, which is very small, correspond- 
ing to one seventh of the result in Fig. 3(c). In the two- 
dimensional distribution in Fig. 7(a), we can find an area 
with higher VLSAW values near the seed crystal at the crys- 
tal top, as is the case in Fig. 3(a). 
The VLSAW variations before and after the improvement 
to the growth conditions are compared in Table IV, as well 
as the variations of various chemical and physical prop- 
erties converted from them [13]. Table IV indicates that 
various properties, including VLSAW in the area used for 
2-cut LiTaOy substrates (50 mm x 50 mm), were approx- 
imately halved after the improvement. As demonstrated 
above, the improvement in the homogeneity of crystals can 
be achieved by merely changing the chemical composition 
ratio properly. 
V. DISCUSSION 
The result in Fig. 7(c) reveals that the small but obvi- 
ous VL/LSAW distributions can be observed along the pulling 
axis direction of the New-C crystal. Although VLSAW tends 
to decrease with position from the crystal top to about 
15 nim, it increases slightly with position from about 
15 mm to the crystal bottom. Comparing Figs. 3(c) and 
7(c), similar distributions can be observed as superposed 
on the slope in Fig. 3(c) for the Old-C crystal. Fig. 8 
shows the similar distributions obtained by subtracting 
the approximated lines from the measured distributions 
presented in Figs. 3(c) and 7(c). Therefore, the areas of 
high VLSAW on the crystal top side are distributed within 
a lower half circle with 15-mm radius around the position 
of (x, y) = (0, 0) in Fig. 7(a) and within a 25-mm radius 
half circle in Fig. 3(a), suggesting the common trends in 
both crystals. These distributions might reflect some seri- 
ous problems in growth conditions other than the chemical 
composition ratio of the starting material, e.g., the ther- 
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TABLE IV 
COMPARISON OF VARIATIONS 01.' CHEMICAL AND PHYSICAL PROPERTIES FOR Z Y - L I T A O 3  SUBSTRATES OF OLD-c AND NEW-C CRYSTALS. 
Lattice constant 
LSAW Liz0 Curie 
velocity content temp. Density a C 
Specimen Line [m/s] [mol%] ["C] [kg/m3] [10W6 nm] [ lopG nm] 
All lines 0.71 0.025 0.98 0.46 3.7 9.3 
Maximum Old-' 50 x 50 mm2 0.68 0.024 0.94 0.44 3.6 8.9 
difference All lines 0.44 0.016 0.61 0.29 2.3 5.8 
50 x 50 mm2 0.34 0.012 0.47 0.22 1.8 4.5 New-C 
0 
J z  
1 
c_I 10 
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LiTaO3 substrates (l), (2), and ( 3 )  prepared from New-C crystal 
grown with improved composition. Fig. 6. Transmission X-ray topographs for substrates (I), (11), and 
(111) preparcd from New-C crystal grown with improved composition. 
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Fig. 7. Thc LSAW velocity distributions for ZY-LiTaO3 substrate (2) 
prepared from New-C crystal ingot. (a) Two-dimensional scanning 
area. (b) Diameter direction. (c) Pulling axis dircction. 
mal environment around the crystal-melt interface during 
forming of the shoulder portion of the crystal and convec- 
tion in the melt [27], [28]. To discuss the details, further 
experiments are required with special specimens that con- 
tain thc shoulder portion of the crystals. 
In this study, we evaluated optical-grade LiTaO3 single 
crystals using acoustic characteristics that arc highly sensi- 
tive to their chemical compositions. Conventionally, it has 
been prcsumed that measuring the optical characteristics 
(such as the refractivc indiccs, acousto-optic and electro- 
optic coefficients, nonlincar optical cocfficients), that are 
practically employed for the devices, is suitablc for cvalu- 
ating optical-grade materials. However, because the chem- 
ical and physical properties of any material depend greatly 
on the chemical composition ratios, and because the LFB- 
UMC system can respond to very sniall changes in the 
chemical composition ratio with excellent accuracy, this 
system can play a substantial role in evaluating the ho- 
mogeneity of optical-grade material as well. Transmission 
X-ray topography is an important technique for evaluating 
- 
Y Om30  
0 20 40 60 80 
POSITION [mm] 
Fig. 8. Velocity distributions obtained by subtracting the approxi- 
mated lines from the measured distributions presented in Figs. 3(c )  
and 7(c) .  
lattice defects. However, it is not suitable for investigat- 
ing and obtaining small changes in the chemical compo- 
sition ratio because it lacks chemical sensitivity. We sug- 
gest that the evaluation should be performed primarily 
with the LFB-UMC system to obtain homogeneous crys- 
tals in chemical composition and that the lattice perfection 
should then be confirmed by transmission X-ray topogra- 
phy. 
VI. CONCLUSIONS 
In this study, we presented the first experiment of im- 
proving the crystal growth conditions for optical-grade 
LiTaOs crystals, i.e., the starting material composition, 
to obtain higher homogeneity of chemical compositions 
using the LFB-UMC system. We evaluated a commercial 
LiTaO3 single crystal for optical use grown with a nom- 
inally congruent composition along the Y-axis direction 
by the CZ mcthod, and then attempted to improve the 
crystal growth conditions. By investigating the chemical 
composition distributions in the crystal through measur- 
ing the LSAW vclocity distributions on the ZY-LiTaOs 
substrate specimens, we found that changes in chemical 
composition werc particularly significant along the pulling 
axis direction [+0.346 x lop3  (LizO-mol%)/mm]. We de- 
veloped a method of estimating the proper starting mate- 
rial composition that leads to a more homogeneous crystal. 
A new crystal with Liz0 content in the starting material 
of 48.47 mol% was grown using the same growth furnace 
and crucible under the same growth conditions as the old 
crystal. The crystal grown had a smaller compositional 
distribution, approximately half that before the improve- 
ment. We thus succeeded in growing a more homogeneous 
crystal. 
Furthermorc, similar vclocity (or chemical composition) 
profiles were observed below the shoulder portion of the 
crystal boules along the pulling axis direction before and 
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after the improvement. This might suggest problems in the 
growth conditions other than the starting material compo- 
sition. This is a change that cannot be detected by con- 
ventional methods, such as the Curie temperature mea- 
surements and the lattice constant measurements by the 
Bond method at certain positions. This gives a good exam- 
ple of the advantage of the LFB-UMC system in that the 
distributions in crystals can be measured to much greater 
details. 
As described above, once we apply the system with such 
excellent resolution to complicated and unsolved problems 
associated with crystal growth, we could detect and under- 
stand the true meanings and interpretations of the prob- 
[14] J. Kushibiki, H. Ishiji, T .  Kobayashi, N. Chubachi, I. Sahashi, 
and T. Sasamata, “Characterization of 36OYX-LiTa03 wafers by 
line-focus-beam acoustic microscopy,” IEEE Trans. Ultrason., 
Ferroelect., Freq. Contr., vol. 42, pp. 83-90, Jan. 1995. 
[15] J .  Kushibiki, T. Kobayashi, H. Ishiji, and C. K. Jen, “Surface- 
acoustic-wave properties of MgO-doped LiNbOs single crys- 
tals measured by line-focus-beam acoustic microscopy,” J .  Appl .  
Phys., vol. 85, pp. 7863-7868, June 1999. 
[16] J .  Kushibiki, Y .  Ono, and I. Takanaga, “Ultrasonic micro- 
spectroscopy of LiNbO3 and LiTaO3 single crystals for SAW 
devices,” IEICE Trans. Electron., vol. J82-C-I, pp. 715-727, 
Dec. 1999. 
[17] J .  Kushibiki, Y .  Ohashi, and Y .  Ono, “Evaluation and selec- 
tion of LiNbOy and LiTaOy substrates for SAW devices by 
the LFB ultrasonic material characterization system,” IEEE 
Trans. Ultrason., Ferroelect., Freq. Contr., vol. 47, pp. 1068- 
1076, July 2000. 
I
lems. A supply of homogeneous high-quality substrates 
performance SAW devices or optical devices and for man- 
ufacturing those devices with better yield. 
[18] J .  Kushibiki, Y .  Ohashi, and T. Ujiie, “Standardized evalua- 
tion of chemical compositions of LiTaOs single crystals for SAW 
tem,” IEEE Trans. Ultrason., Ferroelect., Freq. Contr., vol. 49, 
pp. 454-465, Apr. 2002. 
[19] M. Sato, A. Iwama, J. Yamada, M. Hikita, and Y .  Furukawa, 
“SAW velocity variation LiTaOy substrates,” Jpn. J .  Appl. 
Phys., vol. 28, Suppl. 28-1, pp. 111-113, June 1989. 
[20] W. L. Bond, “Precision lattice constant determination,” Acta 
CrYs tak r . ,  vel. 13, pp. 814-818, 1960. 
1211 V. V. Atuchin, “Dependence of LiTaO3 refractive indices on 
is a very important point for future high- devices using the LFB ultrasonic material characterization sys- 
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